Summary: Glutamate concentrations in striatum and cor tex were measured by means of in vivo cerebral microdi alysis before and for 4 h after middle cerebral and ipsi lateral common carotid artery occlusion in rats. The peak glutamate concentration reached 7.28 ± 3.60 11M in dial ysate from striatum and 5.64 ± 2.24 11M in that from
cortex. An index of exposure of each region to glutamate was calculated by integrating glutamate concentrations
Massive release of a number of neurotransmitters during ischemia causes neuronal injury (Erecinska et aI., 1984; Globus et aI., 1988; Hillered et at., 1989) . Most notable among them is glutamate, which is presumed to be a major contributor to cell death in hypoxia (Jorgensen and Diemer, 1982; Rothmann and Olney, 1986) . In vitro, extracellular glutamate concentrations exceeding 100 jl-M kill cultured neuronal cells even under normoxic con ditions (Rothman, 1984) , but neurons can survive anoxia when synaptic activity is blocked (Rothman, 1983) . Recent microdialysis studies in ischemic brain confirmed the direct relationship between the increase in extracellular glutamate concentration and cell death (Benveniste et aI., 1984; Hagberg et aI., 1985; Hillered et aI., 1989) , and a number of investigators have suggested that excessive influx of calcium may be the mechanism by which gluta mate leads to injury and cell death (Simon, 1984; Stein and Vannucci, 1988) .
While the negative effect of excessive glutamate on cell survival is clear, the relevance of the in crease in glutamate concentrations to regional cere bral vulnerability in focal ischemia has not been studied extensively. Extracellular glutamate rises when CBF falls below 20 m1l100 glmin (Shimada et aI., 1989) , and its concentration increases with the severity of ischemia (Ueda et aI., 1992), but Globus et ai. (1991) showed that differences in extracellular glutamate concentration could not explain the re gional differences in vulnerability to global isch emia. Focal ischemia produced by simultaneous oc clusion of the middle cerebral artery (MCA) and ipsilateral common carotid artery (CCA) in rats re sults in a lower CBF and an earlier appearance of histologic damage in the striatum than in the over lying cortex (Hakim et aI., 1992) . Since both struc tures eventually infarct, we explored the possibility that vulnerability in the early ischemic phase may be determined by glutamate time-concentration re lationships different from those that ultimately de termine cell death. We used in vivo microdialysis in the rat, measured the glutamate concentration in dialysates from both striatum and cortex before and after permanent MCA + CCA occlusion, and esti mated the total exposure of the two structures to glutamate. Using the same model, we monitored CBF over the same interval in a separate group of animals to assess the influence of CBF on the glu tamate changes.
MATERIALS AND METHODS

Animal preparation
On day 1, male Sprague-Dawley rats weighing 250-300 g were anesthetized with 2% halothane and placed on a stereotaxic instrument. Microdialysis probes (CMA-12, 1.0-mm membrane; Carnegie Medicine, Sweden) were implanted vertically in the left lateral caudate (bregma, 0.3 mm; lateral, 3.5 mm; depth, 7.0 mm) and left temporal cortex (bregma, -1.2 mm; lateral, 6.0 mm; depth, 6.0 mm). The probes were left in overnight. On day 2, the microdialysis probes were perfused with Ringer's solu tion at a flow rate of 4 ILl/min. Perfusion of the probes was initiated 165 min before MCA + CCA occlusion. Twenty microliter samples were collected at 5-min intervals start ing 90 min before occlusion and continuing for 240 min after occlusion. The positions of the probes were evalu ated by postmortem histology. The method of Tamura et al. (1981) was used for permanent occlusion of the MCA. Immediately after MCA occlusion, the left CCA was li gated with a silk suture and anesthesia was discontinued, with the animals moving freely during sampling. Animals were sacrificed by decapitation 4 h after occlusion. Mean arterial blood pressure and right temporalis muscle and left epidual temperature were monitored continuously. Arterial blood gases were measured 1 h after occlusion.
Glutamate analysis
Glutamate concentration in the dialysate was measured by high-performance liquid chromatography (Waters Chromatography Division, Millipore Corp., Milford, MA, U.S.A.) using o-phthaldialdehyde derivatization. The 
CBF determination
To study the potential effect of changes in CBF on the glutamate changes measured, CBF in the left temporal cortex and lateral caudate nucleus was measured in sep arate groups of animals by means of the [14C]iodoantipy rine quantitative autoradiographic technique (Sakurada et al., 1978) . Animals were prepared as above and studied 15 min, 1 h, and 4 h after MCA + CCA occlusion (n = 6 per group). The method was described in detail previously .
Statistical analysis
Differences in glutamate concentrations between stria tum and cortex during the pre-and postocclusion periods were tested by a two-tailed paired difference test based on raw data, without normalization among animals. The significance of the peak glutamate concentrations in both regions was tested by analysis of variance. The slopes of the regression lines were tested by a two-tailed nonpaired t test. Differences in CBF between striatum and cortex were tested by a two-tailed paired difference test.
RESULTS
One hour after occlusion, brain temperature was 36.5 ± O.2°C, blood pressure was 115.8 ± 5.2, and P02 was 91.1 ± 9.4 mm Hg. There were no statis tically significant changes in these measurements over the 4 h of ischemia. The physiologic measure- ments monitored after occlusion were controlled within physiologic levels. The preocclusional gluta mate concentrations in the dialysate from striatum and cortex were 1. 03 ± 0.44 and 0.89 ± 0.40 f.LM, respectively. After occlusion, the extracellular con centration of glutamate varied over time in both brain regions, but in most animals a pattern emerged of a rapid rise in glutamate, reaching a peak within 15 min of occlusion, followed by a de cline. A subsequent rise in concentration reached a second peak approximately 70 min postocclusion. By 4 h of occlusion, the concentration of glutamate in the dialysate was indistinguishable from its pre occlusional value. Animals differed in the glutamate concentration values at the peaks and troughs and the postocclusion durations at which these oc curred. Figure 1 shows the mean ± SD of peak and trough concentrations and the mean ± SD times at which these occurred. Statistical analysis using ANOV A showed that in both cortex and striatum the first and second peak concentrations were sig nificantly higher than the preocclusional value and the subsequent trough (p < 0.05). There were no significant differences in glutamate concentrations between the two regions during the preocclusional period, in the trough between the first and the sec- ond peaks, and 4 h after occlusion. However, at the first peak, the mean glutamate concentration reached 7.28 ± 3.60 f.LM in the dialysate from stri atum and 5.64 ± 2. 24 f.LM in that from cortex (p < 0.01). Comparable differences were noted in the second peaks. An index of regional exposure to glutamate was calculated by integrating the glutamate concentra tion in dialysate over the preocclusional and post occlusional periods based on group mean values (Fig. 2) . By this method, "exposure" to glutamate is calculated to rise over time even when the dialy sate concentration may be declining. There were no statistically significant differences in the cumulative exposure to glutamate (area under the curve) be tween striatum and cortex before occlusion, but af ter imposition of ischemia this index of exposure to glutamate in striatum was statistically higher than in cortex (p < 0.01). Linear regression lines before and after occlusion showed the slope of cumulative exposure to glutamate after occlusion to be signifi cantly higher for striatum than for cortex (p < 0.01). Table 1 shows CBF in both cortex and striatum at three intervals after MCA + CCA occlusion. CBF in striatum was always significantly lower than in cortex.
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DISCUSSION
The role of glutamate in ischemic cell death is well accepted, but its relationship to relative vul nerability has not been determined. Heiss has shown that the survival of individual neurons is de pendent on both the degree of CBF depression and its duration (Rosner and Heiss, 1983) . Butcher et al. (1990) emphasized the role of glutamate by showing a correlation between the volume of infarction and the glutamate concentration after focal ischemia. Our data suggest that ischemic vulnerability is un likely to be determined by the peak glutamate con centration alone. The relative in vitro recovery rate of glutamate in our setting (flow rate, 4 fl1/min; 37°C) was 6.6 ± 1.6% (n = 16), implying that for short intervals interstitial concentrations of gluta mate must reach levels comparable to those identi fied in vitro as being toxic (Rothman, 1984) . On the other hand, the first cortical peak of glutamate oc curs at a time when the cortex is still not committed to infarct and can return to normal function if the ischemia is reversed . For these reasons, we explored the role of glutamate in determining ischemic vulnerability by combining the regional concentration of glutamate with its temporal evolution after ischemia as an additional index by which to assess excitotoxic impact. Since both regions infarct eventually, total exposure of both structures to glutamate during the 4 h of isch emia must be sufficient to cause cell death. Thus, deterioration of cell function and eventual cell death occur when this index reaches a certain threshold. This concept of assessing exposure of a brain region to glutamate may also be convenient in assessing the effect of therapeutic intervention.
This report shows that the pattern of glutamate concentration after ischemia in both cortex and stri atum is biphasic (Fig. 2) . Korf et al. (1988) also reported the biphasic elevation of amino acids after decapitation. The alteration of glutamate concentra tion, at least in the striatum, cannot be explained by reperfusion since our results show that CBF in this structure was constantly depressed following the permanent MCA + CCA occlusion (Table 1) . CBF in the cortex, although it fluctuated more than in the striatum, was as low 4 h after occlusion as at 15 min, implying that the late decline in glutamate in this structure cannot be attributed to an improve ment in the ischemic process through reperfusion. The reason for the subsequent drop in glutamate concentration in both regions hours after occlusion is uncertain but merits further evaluation.
The two implanted probes were on average 3. 08 mm apart and no closer than 3.0 mm in any animal. CBF in striatum was significantly lower than in cortex at three times after occlusion (1 5 min, p < 0.05; I and 4 h, p < 0.01).
Compared with left temporal cortex using two-tailed paired difference test.
"p < 0.05. b P < 0.01.
This is more than the 1.24-mm total diffusion dis tance calculated in 4 h for the most rapidly diffusing cation (Rice et at., 1985) . It is therefore unlikely that glutamate levels measured from the interstitial space of the cortex would have been influenced by the changes occurring in the striatum. Our results suggest that infarction is related to excessive interstitial glutamate concentrations, but a key parameter by which to evaluate neurotoxicity could be the total exposure of tissue to glutamate rather than its peak concentration.
